
Chapter 5

The Clouds Gather

For more than two centuries after its inception the Newtonian view of
the world ruled supreme, to the point that scientists developed an almost
blind faith in this theory. And for good reason: there were very few prob-
lems which could not be accounted for using this approach. Nonetheless, by
the end of the 19th century new experimental evidence difficult to explain
using the Newtonian theory began to accumulate, and the novel theories
required to explain this data would soon replace Newtonian physics. In
1884 Lord Kelvin in his Baltimore lectures already mentions the presence of
“Nineteenth Century Clouds” over the physics of the time, referring to cer-
tain problems that had resisted explanation using the Newtonian approach.
Among the problems of the time (not all were mentioned by Kelvin) were

• Light had been recognized as a wave, but the properties (and the very
existence!) of the medium that conveys light appeared inconsistent.

• The equations describing electricity and magnetism were inconsistent
with Newton’s description of space and time (Sect ??).

• The orbit of Mercury, which could be predicted very accurately us-
ing Newton’s equations, presented a small but disturbing unexplained
discrepancy between the observations and the calculations.

• Materials at very low temperatures do not behave according to the
predictions of Newtonian physics.

• Newtonian physics predicts that an oven at a stable constant temper-
ature has infinite energy.
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The first quarter of the 20-th century witnessed the creation of the revo-
lutionary theories which explained these phenomena. They also completely
changed the way we understand Nature. The first two problems require the
introduction of the Special Theory of Relativity. The third item requires the
introduction of the General Theory of Relativity. The last two items can be
understood only through the introduction of a completely new mechanics:
quantum mechanics.

As a result of these developments the formalism developed by Newton
lost its fundamental character. It is of course still a perfectly good theory
but with a very well defined range of applicability. As mentioned previously,
this does not imply that Newton was “wrong”, it merely implies that his
theories, although accurately describing Nature in an impressive range of
phenomena, do not describe all of it. The new theories that superseded
Newton’s have the virtue of explaining everything Newtonian mechanics did
(with even greater accuracy) while extending our understanding to an even
wider range of phenomena. In this chapter I will describe the growth of
the theory of electricity and magnetism which was to be fundamental to the
development of Special Relativity.

The replacement of Newtonian mechanics was driven by the data that
required the replacement of Newtonian physics by these more fundamen-
tal ones; the theories of relativity and quantum mechanics together explain
all the phenomena probed to date, but they might be replaced in the fu-
ture by others providing a yet deeper understanding of nature. These new
theories will have to explain everything relativity and quantum mechanics
do and provide experimentally verifiable predictions which are subsequently
confirmed.

5.1 Electricity and magnetism

5.1.1 Electricity

It was known to the ancient Greeks as long ago as 600 B.C. that amber,
rubbed with wool, acquired the property of attracting light objects. In
describing this property today, we say that the amber is electrified, (from
the Greek, elektron: amber), possesses an electric charge, or is electrically
charged. It is possible to put an electric charge on any solid material by
rubbing it with any other material (rubbing brings many points of the sur-
faces into good contact, so that, at the atomic level, electrons are ripped
from one material and transferred to the other). Thus, an automobile be-
comes charged when it moves through the air, a comb is electrified in passing
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through dry hair, etc.
By the end of the 18th century it was known that electricity comes in two

flavors: positive and negative; and that equal charges repel while unequal electricity comes in two

flavors: positive and

negative
charges attract. The manner in which this attraction and repulsion occurs
was discovered by Coulomb in 1785. He found that the force between them
is very similar in form to the gravitational force: it is proportional to the
charges of each body, directed along the line joining them, and decreases
like the distance squared. There is, however, an important difference: this The electric force is

proportional to the charges

of each body, directed along

the line joining them, and

decreases like the distance

squared

electric force can be attractive or repulsive; the gravitational force is always
attractive.

Charles Augustin de Coulomb (June 14, 1736-Aug 23
1806)). Born in Angouleme, France; died in Paris, France.
Coulomb spent 9 years as a military engineer in the West
Indies but his health suffered so, when the French Rev-
olution began, he retired to the country to do scientific
research. He worked on applied mechanics, but he is best
known for his work on electricity and magnetism. He estab-
lished experimentally the inverse square law for the force
between two charges which became the basis of Poisson’s
mathematical theory of magnetism. Coulomb also wrote
on structural analysis, the fracture of beams, the fracture
of columns, the thrust of arches and the thrust of the soil.

5.1.2 Magnetism

The earliest observations on magnets can also be traced back to the early
Greeks (eg. Thales of Miletus; see Sect. ??). The Chinese literature also has
extensive references to naturally occurring magnets (then called loadstones).
The fact that magnets align in a unique way, together with the fact that
the Earth itself is a magnet, lead to the discovery of the compass. This was
of paramount importance to the development of civilization. The earliest
known compass appeared in China by the first century A.D.; it arrived in
Europe by the twelfth century A.D.
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William Gilbert (1544-1603). Born in Colchester, Eng-
land, into a middle class family of some wealth. Entered
St. John’s College, Cambridge in 1558, and obtained his
B.A. (1561), M.A. (1564) and M.D. (1569). Became a se-
nior fellow of the college, holding several offices and set up
a medical practice in London becoming a member of the
Royal College of Physicians. He never married.
He published De Magnete (On the Magnet) in 1600 which
became the standard work throughout Europe on electri-
cal and magnetic phenomena. It is a comprehensive review
of what was known about the nature of magnetism, and
Gilbert added much knowledge through his own experi-
ments. He built a philosophy where magnetism was the
soul of the Earth; he believed that a perfectly spherical
lodestone, when aligned with the Earth’s poles, would spin
on its axis, just as the Earth spins on its axis in 24 hours.

According to thirteenth-century philosophy, the compass needle points
towards the North star which, unlike all other stars, in the night sky, ap-
pears to be fixed. Thus, philosophers reasoned that the lodestone obtained
its “virtue” from this star. Better observations, however, showed that the
needle does not point exactly to the North Star and eventually it was shown
that it is the Earth that affects the compass. Apart from the roundness of
the Earth, magnetism was the first property to be attributed to the body
of the Earth as a whole:

Magnus magnes ipse est globus terrestris [the whole Earth is a
magnet]. William Gilbert

By the early 17th century the properties of magnets were well known
and many folk tales (such as the anti-magnetic properties of garlic) had been
debunked. Magnetism was believed to be an effect different from electricity,
their intimate relationship had not been discovered.

Careful experimentation with magnets came to a head in the late 19th
century. By then reliable batteries had been developed and the electric
current was recognized as a stream of charged particles. In 1870 Ørsted
noted that a compass needle placed near a wire was deflected when a current
was turned on, that such a deflection also occurs when the wire is moved,
and he concluded that moving charges generate magnetic effects. TheseMoving charges generate

magnetic effects results were furthered by Ampère and who rendered them into a precise
mathematical formulation.
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Hans Christian Ørsted (Aug. 14, 1777 – March 9, 1851).
In 1806 Ørsted became a professor at the University of
Copenhagen, where his first physical researches dealt with
electric currents and acoustics. During an evening lecture
in April 1820, Ørsted discovered that a magnetic needle
aligns itself perpendicularly to a current-carrying wire, defi-
nite experimental evidence of the relationship between elec-
tricity and magnetism (this phenomenon had been first dis-
covered by the Italian jurist Gian Domenico Romagnosi in
1802, but his announcement was ignored).
Ørsted’s discovery, in 1820, of piperine, one of the pungent
components of pepper, was an important contribution to
chemistry, as was his preparation of metallic aluminum in
1825. In 1824 he founded a society devoted to the spread of
scientific knowledge among the general public. Since 1908
this society has awarded an Ørsted Medal for outstanding
contributions by Danish physical scientists. In 1932 the
name oersted was adopted for the physical unit of mag-
netic field strength.

André Marie Ampère (Jan. 20 1775-June 10 1836). Born
in Lyon, France, died in Marseilles, France. André Ampère
was a Professor at the École Polytechnique from 1814 to
1828 and then at Université de France from 1826 until his
death. He worked on electromagnetism and analysis. He
also made contributions to line geometry extending ideas
of Binet. Ampère attempted to give a combined theory
of electricity and magnetism in the early 1820’s. He for-
mulated a circuit force law and treated magnetism by pos-
tulating small closed circuits inside the magnetized sub-
stance. This approach became fundamental for the 19th
Century. Ampère’s most important publication is Memoir
on the Mathematical Theory of Electrodynamic Phenom-
ena, Uniquely Deduced from Experience (1827).

During the same period Faraday made various experiments with moving
magnets (as opposed to moving wires). He found that a magnet moving in
a coil of wire generates a current: moving magnets generate currents. This Moving magnets generate

currents
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result provides the principle behind electric generators, be it small house-
hold ones, or the giant ones found in Hoover Dam. The fact that charges in
motion create magnets and that moving magnets generate currents demon-
trates the intimate connection between electric and magnetic phenomena.

Michael Faraday (Sept. 22, 1791 – August 25, 1867).
Michael Faraday became one of the greatest scientists of
the 19th century. He began his career as a chemist; wrote
an important manual of practical chemistry, and discovered
a number of new organic compounds, among them benzene.
He was the first to liquefy a “permanent” gas (i.e., one that
was believed to be incapable of liquefaction).
His major contributions were in the field of electricity and
magnetism. He was the first to produce an electric current
from a magnetic field, invented the first electric motor and
dynamo. He provided the experimental, and a good deal
of the theoretical, foundation upon which Maxwell erected
classical electromagnetic field theory.
Faraday created the concept of a field. He imagined that
any magnet or charged object generates an influence that
permeates space, such emanation is called a field. If an-
other magnet or charged object draws near, it is the in-
teraction between this field and the new charged object or
magnet which the latter feels as a force. He also showed
that charge is never destroyed not created.
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James Clerk Maxwell (June 13 1831-Nov 5 1879). Born in
Edinburgh, Scotland, died in Cambridge, Cambridgeshire,
England. Maxwell attended Edinburgh Academy where he
had the nickname ‘Dafty’. While still at school he had
two papers published by the Royal Society of Edinburgh.
Maxwell then went to Peterhouse Cambridge but moved to
Trinity where it was easier to obtain a fellowship. Maxwell
graduated with a degree in mathematics from Trinity Col-
lege in 1854. He held chairs at Marischal College in Ab-
erdeen (1856) and married the daughter of the Principal.
However in 1860 Marischal College and King’s College com-
bined and Maxwell, as the junior of the department had
to seek another post. After failing to gain an appoint-
ment to a vacant chair at Edinburgh he was appointed to
King’s College in London (1860). He made periodic trips to
Cambridge and, rather reluctantly, accepted an offer from
Cambridge to be the first Cavendish Professor of Physics
in 1871. He designed the Cavendish laboratory and helped
set it up.
Maxwell’s first major contribution to science was to show
that Saturn’s rings must consist of many solid particles
(confirmed by the Voyager spacecraft), this result won him
the Adams Prize at Cambridge. Maxwell next considered
the theory of gases and showed that temperature and heat
are related to the motion of gas molecules.
Maxwell’s most important achievement was his extension
and mathematical formulation of Faraday’s theories of elec-
tricity and magnetism. His paper on Faraday’s theory was
read to the Cambridge Philosophical Society in two parts,
1855 and 1856. Maxwell showed that a few relatively sim-
ple mathematical equations could express the behavior of
electric and magnetic fields and their interrelation. The
four equations (now known as Maxwell’s equations), first
appeared in fully developed form in his book Electricity
and Magnetism (1873). They are one of the great achieve-
ments of 19th-century mathematics. Maxwell showed that
an electromagnetic disturbance travels at a speed of light
(1862) and concluded that light is an electromagnetic phe-
nomenon.

Faraday also showed that charge is conserved. That is, the amount of Charge is conserved

positive charge minus that of negative charge is always the same.
The results of all these investigations can be summarized in a series

of four equations. These were studied extensively by Maxwell who noted
that they are inconsistent with charge conservation, but Maxwell himself
realized that a slight modification in one equation would get rid of this
problem. The modification proposed by Maxwell is simple, but the results
are so momentous that the modified set of four equations are known as
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Maxwell’s equations. Why are Maxwell’s equations so important? There
are four reasons:

• They describe all electromagnetic phenomena with perfect accuracy
for distances larger than about 10−8cm.

• They are inconsistent with Newtonian mechanics, and so present the
first solid evidence for the modification of Newton’s theory.

• There are solutions of the equations which describe waves traveling at
speed c = 299, 792km/s (which is also the speed of light).

The last point leads to the inescapable conclusion is that light is pre-
cisely the object that was described by the wave-like solution of Maxwell’s
equations (without his modification there are no wave-like solutions); in
Maxwell’s own words

We can scarcely avoid the conclusion that light consists in the
transverse undulations of the same medium which is the cause
of electric and magnetic phenomena.

It is in this way that the next unification in physics occurred: light,
electricity and magnetism are different aspects of the same set of phenomena
and are described by a single theory. Because of this we now speak ofLight, electricity and

magnetism are different

aspects of the same set of

phenomena and are

described by a single theory

electromagnetism and not of electric and magnetic phenomena separately.

5.2 Waves vs. particles

I mentioned above the word “wave” in several occasions. Since waves will
appear repeatedly in the following I will take a short detour to explain what
waves are and what are their properties. The American Heritage Dictionary
defines wave as

A disturbance or oscillation propagated form point to point in a
medium or in space

Thus when a stone is dropped on a calm pond we see a series of circular
waves emanating form the spot where the stone hit the water, spreading out
at a certain speed. If a bigger stone is used the water the waves become more
pronounced, the distance form crest to trough becomes larger. If instead of
dropping a stone we attach it to a rod and move it up and down we find
that the faster we move it the closer together the crests and troughs of the
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waves; so that if we look at one point on the pond’s surface we will see the
water swelling and ebbing faster.

These characteristics of the waves have definite names; see Fig. 5.1,

• The frequency is the number of wave-crests that go through a point on
the pond every second. The frequency is the

number of wave-crests that

go through a point on the

pond every second
• The wavelength is the distance between two crests.

The wavelength is the

distance between two crests
• The amplitude is the distance between crest and trough.

The amplitude is the

distance between crest and

trough

These properties, together with the speed at which the wave spreads char-
acterize the waves.

Figure 5.1: Definition of the wavelength and amplitude of a wave.

Imagine a cork floating on the pond. As the wave goes by the place
where the cork is floating it will boob up and down. Suppose that you
measure the time it takes for it to go down from its highest point, down to
its lowest and then back to its highest point again, then the frequency is the
inverse of this time. So if the cork takes 0.5 seconds to go up and down and
back up, the frequency would be 1

0.5 sec or 2 inverse-seconds. This is just
a way of counting the number of oscillations per second: if each oscillation
takes half a second, there will be two oscillations per second, and so the
frequency is two inverse-seconds; a frequency of 7 inverse seconds indicates
that there are seven oscillations each second, etc. There are many kinds of
waves: water waves on a pond, sound waves in air (or water or any other
medium), electromagnetic waves, etc.

Imagine now a calm pond with a few leaves floating on the surface. At
one time a child drops a stone which makes a series of expanding circular
waves. As they spread the waves eventually come to the floating leaves
which bob up and down. The notable thing about this detail is that the
leaves do not change position, even though the wave spreads, it does not
carry the leaves with it. The same thing can be said of the water itself, the
waves spread though it but do not carry the water along with them. In fact,
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if you look closely at the particles suspended in water (ponds usually have
many of those) as the waves pass, they make circular motions about their
initial positions but are not carried along. These waves use water as their
propagation medium, in the same way as sound waves use air (or water or
other materials) to propagate in. Without a medium these waves simply do
not propagate: there is no sound in the vacuum. A reasonable question in
connection with these observations is whether all waves need a medium to
propagate in, the answer is (perhaps surprisingly) no!, and the way this was
discovered is the subject of many of the following sections

A particle is characterized by its mass and other measurable properties
(for example, its charge). I will assume that this is intuitively clear. Or-
dinary everyday experience shows that waves behave very differently from
particles 1. For example, if you are taking cover behind a wall form a person
shooting peas at you, you will not be hit; yet when she screams that you
are a chicken, you hear her perfectly well. Sound waves (and all waves in
general) have the ability to go around obstacles (up to a certain extent: if
the wall is very tall and wide the insults will not reach you); particles have
no such ability.

The above properties of sound waves are well known. But, if light is a
wave, should it not behave in the same way? And if it does, how come we
do not see a person standing behind a wall (whom we can clearly hear)? I
will now consider this (apparent) paradox.

5.3 Light

It is now known that under all common circumstances light behaves as a
wave propagating at a speed close to 300, 000km/s. This, however, is a
recent realization; in fact, whether light traveled at finite or infinite speed
was the subject of much debate was left unanswered for a long time. Galileo
tried to measure the speed of light by experiment: he put two persons on
hills (separated by a bit less than a mile), and then told one open a lantern,
the other was to raise his/her hand when he/she sees the light and the first
notes any lapse between his/her opening the lantern and seeing the raised
hand. No time delay was observed (which is not unnatural, the lapse is
about 10−5s!). So the question remained unanswered 2.

1This is not true when phenomena at very short distances are examined, at distances
below 10−8cm (atomic size) the difference between waves and particles becomes blurred.

2One can, however, use this result to get a limit on the speed of light. If the human
response time is, say, half a second, then this experiment shows that light travels faster
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In 1670 the Danish mathematician Olaus Rømer observed that the eclipses
of Jupiter’s moons were 11 minutes ahead of schedule when the Earth was
closer to Jupiter, and they lagged behind (also by 11 minutes) when the
Earth was farthest from Jupiter. Assuming that there are no problems with
the predictions of Newtonian physics concerning the motion of Jupiter’s
moons, he concluded that the discrepancy was due to the different times
light takes to get to Earth at the two extremes of its orbit (Jupiter moves
very little during one year, it takes 12 years for it to circle the sun), see Fig.
5.2. Rømer then calculated that the speed of light would be 210, 000km/s.
The modern value of the speed of light is 299, 792km/s.

This is, of course, not the only possible explanation, Rømer could have
argued, for example, that Newton’s equations could not account for Jupiter’s
motion. Still the hypothesis that light travels at a finite speed furnished the
simplest explanation and, following Ockham’s razor (Sect. ??) it is the one
which ought to be examined first. Soon after Rømer’s argument was made
public the fact that light travels at finite speed was demonstrated in various
experiments and was universally accepted.

Figure 5.2: Diagram of the reasoning used by Rømer to determine the speed
of light.

So light propagates at a finite speed. What is it made of? Newton

than 2miles per second.



12

believed that light was made of corpuscles, but even the weight of Newton’s
opinions could not withstand the experimental evidence showing that light
behaves as a wave. This sounds preposterous: a wave, such as sound, will
“go around corners” but light does nothing of the kind...or does it? In fact,
it does! If you look very closely at a very sharp edged screen you will see
that some light actually goes behind the screen: light does behave as a wave
(see Fig. 5.3). This is not common knowledge because it is a small effect,
light dies out almost as it turns the corner, if the corner is not very sharp,
light is scattered in many ways and the effects disappears; in other words,
for light, almost any obstruction is a very tall wall.

Figure 5.3: Picture of the shadow cast by the corner of a screen. Noote that
the shadow region is not completely dark.

The wave theory of light leads to some surprising consequences. For
example, it predicts that the shadow cast by a dark circular screen should
have a bright spot in its center, and this would be absurd were it not for
the fact that the bright spot is indeed there! (see Fig: 5.4)

Figure 5.4: Shadow cast by a small opaque disk. Note the bright spot in
the center of the shadow.

By the beginning of the 19th century the hypothesis that light is a wave
traveling at large (by our standards) but finite speed 3 was proven and was
universally accepted. Being a wave we can ask what is its wavelength, ampli-
tude, frequency, etc; it turns out that visible light has very small wavelength,

3The speed depends on the medium in which light travels; the value given above cor-
responds to the speed in space.
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about 10−5cm. Another natural question is then, do electromagnetic waves
with larger and smaller wavelengths exist?

The answer is yes. Visible light is but a member of a large family of
waves; they are all electromagnetic waves, and they are all described by the
Maxwell’s equations. For historical reasons waves of different wavelengths
have different names (see Fig. 5.5). Thus we have (the symbol ∼ means
“about”)

Wavelengths of electromagnetic waves
Name Wavelength
Radio ∼ 10cm or larger

Microwave ∼ 1cm
Infrared ∼ 10−3cm
Visible ∼ 10−5cm

Ultraviolet ∼ 10−6cm
X-rays ∼ 10−8cm

Gamma-rays ∼ 10−9cm or smaller

Figure 5.5: The electromagnetic spectrum.

All of these are common names. Every one of these waves travels at the
same speed in vacuum 4 equal to the speed of light (called “visible” above)
in vacuum; the only difference between them is the wavelength, the distance
between two consecutive crests in the corresponding wave trains.

So light is a wave, similar then to sound waves, or water waves. But all
these waves are produced by the undulations of some medium: water for

4In a medium there is some interaction between the atoms and the waves and the speed
can be different.
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water-waves, air (for example) for sound, etc. Thus it was postulated that
the medium in which light undulates is called ether.

5.4 Problems

The end of the 19th century witnessed the growth of evidence against the
classical physics based on Newton’s theory. I will discuss two such problems,
the first concerns the ether, which appeared to have inconsistent properties;
the second refers to an apparent contradiction between Galilean relativity
and the theory of electromagnetism. The resolution of these conflicts cannot
be achieved within Newtonian physics: it requires the theory of relativity.

5.4.1 Ether

Having postulated the existence of the ether as the medium in which light
travels it becomes interesting to determine the properties of this material.
First and foremost, since the light from distant stars does reach us, we
must assume that the ether permeates the whole universe up to its farthest
reaches. We must then imagine that the Earth plunges through this ether
as it circles the Sun. The ether must then be very tenuous, for otherwise
the friction would have stopped the Earth long ago. Let us now derive some
other predictions derived from the ether hypothesis.

As the Earth moves through this ether a kind of “ether wind” must be
present on Earth’s surface. To see why this should happen consider the
following analogy. Imagine a windless day in which you take a ride in your
red convertible which, unfortunately, has no windshield. As you speed up
you will feel the air blowing, the faster you go, the stronger this wind is. In
the same way, replacing air → ether and red convertible → earth, a very
sensitive apparatus on the surface of the earth should detect and ether wind.

So, can the ether wind be detected? Apparently yes! The idea for the
first experiments is based on the following argument. Imagine yourself back
in your convertible (with no windshield) taking your nagging grandmother
to the store; she sits in the back seat...it’s safer. She talks all the time, but,
fortunately, her words get blown back by the wind. In contrast she hears
everything you say, for your words get blown back by the wind, right into her
ears (good grief!). In the same way, as we stand on Earth, the ether wind
should blow back the light coming from the stars. At different times of the
year, the ether wind blows in different directions since the earth is moving in
different directions, hence the observed positions of the stars should change
(see Fig. 5.6)... and they do!
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Figure 5.6: The shift in the observed position of the stars caused by the
ether wind.

But, wouldn’t the earth drag with it some of the ether in its vicinity?
Well, since this peculiar behavior of the images of the stars were observed,
the earth must not drag the ether with it: ether goes through the earth
“much as the wind goes through a grove of trees” (as described by T. Young.)

This consequence of the ether wind is not the only prediction of the ether
hypothesis; in order to derive other consequences we need to go back briefly
to Newtonian mechanics. Suppose you are in a train moving at a speed of
1m/s with respect to a train station. Suppose now you kick a ball in the
direction of the train’s velocity and which, as a result of your action moves
at 2m/s as measured in the train. Then an observer in the station will see
the ball move at 1 + 2 = 3m/s (see Fig. 5.7).

Thus the two parallel velocities (the train’s and the ball’s with respect
to the train) add up. In contrast if the ball were thrown up both observers
would measure the same (vertical) velocity. Consider now the same situation
but with light replacing the ball. If the train moves at speed v then light
traveling forward will move at speed v + c. If the light-beam is directed
upward both observers would measure the same vertical speed c. These
conclusions are inescapable from the Newtonian standpoint and, because
they are wrong, constitute some of the most important nails in the coffin
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Figure 5.7: Addition of velocities according to Newtonian mechanics

of Newtonian mechanics. Let me examine first the following consequence
derived from it.

Suppose you consider light going in air and that the same beam is made
to enter a piece of glass. In air light will have a speed cair, while in the glass
it will have speed cglass; these two quantities being measured at rest with
respect to the ether. The experiment I want to discuss measures the ratio
of speeds in glass and air. Now, if there is an ether, and the earth is moving
at a speed v with respect to it, then one can select the orientation for the
apparatus such that the beam happens to lie along the velocity v 5. In
this case the speed of light in air and in glass will be altered, they become
cair + v and cglass + v respectively; the experiment should give the result
(cair + v) / (cglass + v). If the beam is rotated 180o then the direction of
the ether wind is reversed and the experiment ought to produce the value
(cair − v) / (cglass − v). The amazing thing is that, as first shown by Arago,
that this experiment gives the same value no matter how it is oriented with
respect to the motion of the Earth through the ether. In order to explain
this Fresnel suggested that transparent substances trapped some of the ether
and dragged it along, and the amount and manner of trapping was “just-so”
that the above experiment does not exhibit any effect. Of course the shift in
the position of the stars would then imply that the air does not trap ether
at all.

Curiouser and curiouser: the speed of light in glass depends on the color
of light, nonetheless the above experiment gives no effect for any color.
Therefore the ether trapped in glass should undulate with light precisely so

5In practice the experiment is set on a rotating table and is repeated for a variety of
orientations.
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as to compensate for this difference in speeds (note that the ether trapped
with the glass travels with it).

So the ether is a medium which goes through all objects, but some of it
is trapped by transparent substances and whose elasticity depends on the
color of light going through it. In order to test this Fizeau performed a very
important experiment. He sent light through tubes with water flowing in
different directions. The water was supposed to drag at least some ether,
which would then alter the speed of light. The results were positive and in
accordance with Fresnel’s hypothesis. So we have a big contradiction: the
observation of starlight requires the Earth and the Earth’s air not to drag
any ether. But the Fizeau experiment requires transparent media to drag a
significant (and measurable) amount of ether.

The most famous of the experiments made to detect the motion through
the ether was the Michelson-Morley (or M&M)experiment. This is a very
clear experiment. The idea is to send to take a light beam, to split it in
two and send the daughter beams in perpendicular directions, these are
then reflected back and recombined. The distances traveled by the daughter
beams will be different and so there will be a mismatch between the two
light wave trains resulting in a pattern of light and dark fringes after they
are recombined (see Fig. 5.8)

Figure 5.8: A diagram of the Michelson–Morely interferometer

Now suppose we rotate the table where the experiment is placed. The
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speeds of the two beams with respect to the ether will change, and so will
the times taken for the beams to recombine. Because of this the mismatch
between troughs and crests in the two wave trains also changes and a shift
in the pattern of dark and bright lines should be seen...except that it wasn’t!
No detection of the motion through the ether could be measured.

It was then claimed that the only thing proved was that the ether in the
basement where the experiment was done was dragged along with the air.
But the experiment was repeated a large number of times, in particular it
was done on a hilltop: no effects were ever obtained.

This last result was the death blow to the ether theory: M&M’s experi-
ment showed that the ether must be dragged along by the air, while stellar
observations denied precisely that!

5.4.2 Galilean Relativity

Galileo formulated his principle of relativity by stating that one cannot use
any mechanical experiment to determine absolute constant uniform velocity.
Now Maxwell’s equations contain a velocity c but they do not specify with
respect to what is this velocity to be measured!. We must conclude that eitherMaxwell’s equations do not

specify in which frame the

speed of light equals c
absolute velocities can be determined using experiments involving light, or
else light must move at speed c in all reference frames.

But this is impossible to accept within Newtonian mechanics, for within
this theory velocities simply add. If we then have a source of light moving at
speed v, the light form it ought to travel at speed c+v in direct contradition
to Maxwell’s equations which predice that light travels with speed c, no
matter how fast the speed of the source.

5.5 Prelude to relativity

So this was the situation before 1905: the ether was postulated, but its
properties were inconsistent. Newton was believed to be right, but the cor-The properties of the ether

were inconsistent responding mechanics was inconsistent with the results of electromagnetism.
Newtonian physics was

inconsistent with the results

of electromagnetism

Was Newton’s theory correct and all the experiments in electricity and mag-
netism wrong? If Newton was wrong, how can all the successes of his theory
be understood? How can one understand light as a wave if the thing in
which it travels cannot be described consistently?

All these problems were solved with the advent of the Special Theory of
Relativity to which I now turn.


